We propose a unique annular aperture detection scheme in radially polarized coherent anti-Stokes Raman scattering ͑RP-CARS͒ microscopy for significantly removing nonresonant background for high contrast vibrational imaging. Our finite-difference time-domain calculations show that the maximum radiation patterns of RP-CARS signals from the scatterers vary with the scatterer's sizes, which are different from nonresonant CARS radiation from surrounding water. By applying appropriate sizes of annular stop apertures in the detection path, the nonresonant background from water can be effectively suppressed, yielding over 110-fold improvements in signal-to-background ratio for the forward-detected RP-CARS, while over 50-fold improvements for the backward RP-CARS detection.
Coherent anti-Stokes Raman scattering ͑CARS͒ microscopy has received much interest for imaging tissue and cells owing to its outstanding capabilities of high biochemical selectivity and sensitivity, as well as its intrinsic threedimensional ͑3D͒ optical sectioning ability with high spatial and spectral resolutions. [1] [2] [3] However, CARS microcopy is not background free; the strong nonresonant signal arising from the electronic contributions of the surrounding water and other media in tissue and cells degrades the vibrational contrast and spectral selectivity in CARS imaging. 3 To tackle this problem, various CARS techniques, such as polarization-sensitive CARS, 2 epi-detected CARS, 3 heterodyne-detected CARS, [4] [5] [6] and near-field CARS, [7] [8] [9] have been developed to suppress the nonresonant background; but most work is centered on using the linearly polarized excitation scheme for CARS imaging. Recently, radially polarized laser beams have attracted increasing attention because of their unique light distribution properties ͑e.g., a very strong longitudinal field component and a tighter focal spot size͒ at the focal point by using a high numerical aperture ͑NA͒ objective. 10 The unique radial focal field distribution thus has potential applications in high-resolution 3D microscopy imaging, such as confocal microscopy, 11 second harmonic generation, 12 third harmonic generation, 13 and CARS microscopy.
14 In this letter, we propose a unique annular aperture detection scheme in radially polarized CARS ͑RP-CARS͒ microscopy under tightly focused radially polarized pump and Stokes light excitation to effectively remove the nonresonant background for high contrast vibrational imaging. The finite-difference time-domain ͑FDTD͒ method 7, 15 is employed to investigate the effects of the scatterers' sizes and annular aperture diameters on the signal-tobackground ratio ͑SBR͒ of the forward-and backwarddetected RP-CARS microscopy. Figure 1 illustrates the schematic of an annular aperture detected RP-CARS microscopy for both the forward-and backward-CARS detection. The radially polarized pump ͓E͑r , p ͔͒ and Stokes ͓E͑r , s ͔͒ light fields are tightly focused onto a spherical scatterer through a high NA objective for CARS generation. Under tight focusing of the radially polarized light field, the longitudinal electric field component ͑E z ͒ and the radial component ͑E ͒ at the focal point can be expressed as 
where A is a constant; ␣ = arcsin͑NA / n͒; k =2 / is the wave vector; J 0 and J 1 denote Bessel functions of the first kind with orders 0 and 1; l͑͒ is the pupil function of a Bessel-Gaussian beam:
where ␤ 0 =3/ 2 is the ratio of the pupil radius to the beam waist.
The induced third-order nonlinear polarization at the anti-Stokes frequency, as =2 p − s with the phase matching condition ͉⌬k͉D Ӷ ͓D is the size of the scatterer; ⌬k = k as − ͑2k p − k s ͔͒, can be written
where ijkl ͑3͒ is the third-order nonlinear susceptibility; i, j, k, and l run over x, y, z, respectively, of the three components in a Cartesian coordinate system. According to Green's function, the CARS radiation in the far-field can be expressed as
where î R , î ⌰ , and î ⌽ denote the spherical components of the CARS field ͑inset of Fig. 1͒ . The collected CARS radiation power ͑I CARS ͒ can be calculated by integrating the Poynting vector over the spherical surface of radius R within the cone angle of the collection objective as follows:
where the acceptance cone angles ⌰ 1 and ⌰ 2 are determined by the diameter of the annular aperture and the NA of the objective used. We apply the FDTD technique 7, 15 to solve Maxwell's equations directly in time domain through the leap-frogging scheme 7, 9 for computing the field distributions, e.g., pump field ͓E͑r , p ͔͒, Stokes field ͓E͑r , s ͔͒, and CARS field ͓E͑r , as ͔͒ of the tightly focused radially polarized pump and Stokes fields in the focal region of the high NA microscope objective, as well as the far-field CARS radiations collected by incorporating Eqs. ͑1a͒, ͑1b͒, and ͑2͒-͑5͒ into the FDTD program developed.
7 Figure 2͑a͒ shows an example of the far-field RP-CARS radiation pattern from a scatterer ͑D = 0.5 p ͒ centered at the focus under tightly focused radially polarized pump and Stoke fields excitation with a water immersion objective ͑NA of 1.2͒. It is observed that the RP-CARS radiation pattern is doughnut-shaped, with the radiation confined within the cone angles depending on the scatterers' sizes and the objective NA used. 14 Figure 2͑b͒ shows the comparison of RP-CARS radiation patterns generated from the scatterers at different diameters ͑D = 0.1 p , 0.5 p , 1.0 p , and 2.0 p ͒ and the nonresonant background from water. For the forward RP-CARS detection using the oil immersion objective ͑NA= 1.42͒, the nonresonant background from water increases with the acceptance cone angles ranging from 0°to 20°͑maximum͒, and then rapidly falls when further increasing the acceptance cone angles ͑20°to 70°͒. The RP-CARS radiation patterns from the scatterers with a small diameter ͑Յ0.1 p ͒ or a large diameter ͑Ն2.0 p , exceeding the focal volume of light beam͒ are similar to that of the nonresonant background radiation from water. However, the RP-CARS radiation from those scatterers with sizes of between 0.1 p and 2.0 p is much stronger than the nonresonant background within the acceptance cone angles ranging from 50°to 70°for the forward-detected direction, whereas this is the case for the acceptance cone angles from 115°to 150°for the backward-detected direction ͓Fig. 2͑b͔͒. Therefore, by incorporating the suitable sizes of annular stop apertures into CARS detection paths, the nonresonant back- FIG. 2 . ͑Color online͒ ͑a͒ Far-field RP-CARS radiation pattern from a scatterer ͑D = 0.5 p ͒ centered at the focus under the tightly focused radially polarized pump and Stoke fields excitation with a water immersion objective of NA 1.2. The x, y and z axes are in arbitrary units. Only the radiation in the range − / 2 Յ⌽Յ is displayed for clarity. ͑b͒ Far-field RP-CARS radiation patterns generated from the scatterers at different diameters ͑D = 0.1 p , 0.5 p , 1.0 p , and 2.0 p ͒ as well the nonresonant background from water. The vertically dashed lines in the figure indicate the maximum acceptance cone angles of the microscope objectives for both the forward ͑NA= 1.2͒ and backward ͑NA= 1.42͒ CARS detection, respectively.
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ground from water can be significantly removed for high contrast RP-CARS imaging.
To evaluate the efficacy of applying the annular aperture detection scheme in RP-CARS microscopy for improving image contrast, we employ the FDTD method to study the changes of forward-detected RP-CARS ͑F-CARS͒ intensities and the corresponding SBRs with different diameters of annular stop apertures ͑Fig. 3͒. Although the F-CARS radiation from the scatterers with different diameters ͑i.e., 0.1 p to 2.0 p ͒ decreases by four to five orders in intensity with the increased diameters ͑i.e., 0 to 0.9͒ of annular stop apertures used, the lowest F-CARS intensity level is still comparable to that in backward-detected RP-CARS ͑i.e., E-CARS͒ without using any annular aperture ͓Fig. 4͑a͒ at D S / D A =0͔; and the corresponding SBR of F-CARS radiation from the scatterers with diameters of 0.1 p to 2.0 p increases remarkably, particularly when the annular stop aperture is larger than 0.4 ͓Fig. 3͑b͔͒. For instance, an SBR of 90 can be achieved for F-CARS radiation from the scatterer with a diameter of 1.0 p when applying an annular stop aperture of 0.9 in diameter ͑acceptance cone angles ranging from 55°to 70°͒. We also calculate backward-detected RP-CARS ͑E-CARS͒ intensities and the corresponding SBR with different diameters of annular stop apertures placed in the detection path ͑Fig. 4͒. The E-CARS radiation from the scatterers with different diameters ͑0.1 p to 2.0 p ͒ decreases by one to two orders in intensity with the increased diameters ͑0 to 0.9͒ of annular stop apertures used ͓Fig. 4͑a͔͒. The corresponding SBR of E-CARS radiation from the scatterers with diameters of 0.1 p to 2.0 p increases gradually with the increased diameters of annular stop apertures of up to 0.8, ͑corresponding to acceptance cone angles ranging from 115°to 120°͒, at which the maximum SBR of ϳ1.2ϫ 10 4 can be achieved for E-CARS radiation from the scatterer with a diameter of 1.5 p ͓Fig. 4͑b͔͒. One notes that the SBRs of both F-CARS and E-CARS radiation from very small scatterers ͑e.g., Յ0.1 p ͒ or large scatterers ͑e.g., Ն2 p ͒ under annular aperture detection are quite limited, which are only in the range of 1.2-3 for very small scatterers, or of 1.5-45 for large scatterers. This indicates that when applying the aperture detection scheme into RP-CARS microscopy for imaging biological systems, there are variations in image contrast improvements among different intercellular and/or intracellular structures and organelles due to their different physical sizes and shapes in tissue and cells.
In summary, compared with RP-CARS radiation without applying annular apertures ͓Figs. 3͑b͒ and 4͑b͒ at D S / D A =0͔, the annular aperture detection can improve the SBR of up to 115 times for forward-detected RP-CARS imaging, and of ϳ55 times for backward-detected RP-CARS microscopy. This work demonstrates that the annular aperture detection scheme can effectively remove nonresonant background for high contrast vibrational imaging in RP-CARS microscopy.
